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Seismic Behavior of Reinforced Concrete Shear Walls 
Subjected to High Axial Loading 

by Yunfeng Zhang and Zhihao Wang 



This paper presents the results of an experimental study that 
investigated the failure mechanism and ductility of rectangular 
reinforced concrete shear walls subjected to high axial loading. 
Four slender wall models were built and tested to failure under the 
combined action of constant axial load and reversed cyclic lateral 
loading. The objective of this test was. to investigate the effect of 
parameter variation of axial-toad ratio and shear compression 
ratio on the behavior of reinforced concrete shear walls. All the 
specimens were designed based on the philosophy that lateral load 
capacity was controlled by flexure and, therefore, the undesirable 
premature shear failure during the experiment would be prevented. 
Axial-load ratio is found to have a significant effect on the 
cracking pattern, flexural strength, failure mode, and ductility of 
reinforced concrete shear walls. 

Keywords: ductility; .failure; flexural strength; reinforced concrete; shear 
strength. 

RESEARCH SIGNIFICANCE 

Little experimental work has been done in the past years to 
assess the behavior of reinforced concrete shear walls sub- 
jected to high axial load, partly because of the difficulty to 
apply high axial loads to slender shear walls due to the inher- 
ent out-of-plane wall instability problem. Recently, howev- 
er, engineering practice has requested more research effort 
on this topic. This investigation is an exploratory phase of an 
experimental program of reinforced concrete walls subjected 
to combination action of constant high axial load and re- 
versed cyclic horizontal loading. 

INTRODUCTION 

In areas of high seismic risk, reinforced concrete shear 
walls have been widely used as the main lateral-load resist- 
ing systems in medium- to high-rise buildings because of 
their inherent, large lateral stiffness and lateral load resis- 
tance. These characteristics contribute to provide^adequate 
drift control capacity and ductility for well-designed struc- 
tural walls. With careful detailing, reinforced concrete shear 
walls also exhibit satisfactory ductility behavior. 

Extensive theoretical and experimental studies have been 
conducted on the strength and deformation capacity of 
reinforced concrete shear walls since the 1960s.'' 6 In the 
laboratory, 18 deformed-bar reinforced and structural steel 
shape reinforced concrete wall models were tested to 
investigate the influence of reinforcement type, concrete 
strength, and failure mode on the strength and deformation 
capacity of shear walls. 7 ' 12 The experimental data and results 
of part of these walls tested are summarized in Table 1. 

It is noted that, in past experiments, all axial-load ratios 
were under 0.13. After reviewing the literature published in 
past three decades, it was also noticed that most walls were 
tested under axial-load ratios less than 0.15. Only three 



slender wall specimens were reported as tested under axial- 
load ratios equal to O.4. 13 The measured concrete strength of 
these specimens was lower (f cu = 20 MPa) than the normal 
concrete strength used in high-rise buildings, however.' While 
little research has been carried out on this topic, structural walls 
are becoming more frequently used as the bearing elements in 
wide-bay high-rise buildings in China. It is not uncommon, in 
practice, that axial-load ratios of shear walls under design 
gravity load and seismic action are as high as 0.3 to 0.6. 

This experiment was motivated by the design of a proto- 
type structure located in Shanghai, China. The prototype 
structure was a 50-story reinforced concrete building with an 
inner concrete wall tube and perimeter frame as the main later- 
al-load resisting system. The building was designed for earth- 
quake protection seismic intensity 7 degree (approximately 
Uniform Building Code [UBC] seismic Zone 1) with near-field 
effect considered. The site soil profile type was categorized as 
Type TV (soft soil, similar to UBC soil Type PreUminary 
design calculation showed that axial-load ratios of the structur- 
al walls at the base level ranged between 0.4 to 0.6. 

Although ACI 318 does not explicitly specify the 
maximum allowable axial-load ratio in shear wall, Formula 
(14-1) for design axial load strength §P nw provides an upper 
bound to the axial-load ratio of the wall element. 14 From 
Formula (14-1) in ACI 318-95, the axial-load ratio 

for k - 0.8, and l c lh = 5 nV0.3 m = 16.7; the axial-load ratio 
is restricted to be less than 0.5 according to the previous for- 
mulaif/ c ' (MPa) = 1.12/ c (MPa) is assumed. 

In Chinese code (JGJ 3-91), the maximum axial-load ratio 
is implicitly specified in the formula for the design shear 
strength of walls because the shear force acting on wall section 
is proportional to the axial load acting on the same wall section. 

Nonseismic design: V<025f c b w l w 

Seismic design: V w < —(0.2f c bJJ 

fRE 

For the authors' prototype structure, y RE = 0.85, V w = 1.1V, 
and = O.d/V^jj. for most wall sections; axial-load ratio 
\fjis restricted to be less than 0.36 according to the previous 
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formula. Therefore, to justify the use of structural walls un- 
der high axial-load ratio, such as our prototype structure, an 
experiment needs to be done to study the strength and defor- 
mation behavior of reinforced concrete shear walls. 

EXPERIMENTAL PROGRAM ' 

Four isolated cantilever' walls werebuiltand tested in this - 
study. Each specimen was tested under combined action of 
constant axial load and horizontal load reversals. Two pa- 
rameters were considered and varied in the specimen design, 
that is, axial-load ratio X N = Nlf,A g and shear compression 
ratio X v = Vjnaxlfc A g . It was found from past experiments 
that the shear compression ratio is an important parameter 
that affects the postyielding behavior of shear walls. The au- 
thors would also like to know the effect of shear compression 
ratio in the case of high axial-load ratio. Specimens SW7, 
SW8, and SW9 were typical concrete walls reinforced with 
longitudinal deformed steel bars. In Specimen SRCW12, a 
structural steel shape was used as the main flexural rein- 
forcement in addition to deformed steel bars. Under high ax- 
ial loads, out-of-plane buckling in the weak direction of wall 
is very likely to happen at the postyielding stage of wall. The 
structural steel shape was expected to increase the out-of- 
plane wall stiffness and, therefore, effectively postpone or 
even prevent the likely out-of-plane buckling failure mode. 
The objective of this research program was to investigate: 
The effect of different levels of axial-load ratio and 
shear compression ratio on the strength, cracking pat- 
tern, stiffness degradation, failure mode, and ductility 
behavior of the specimens; and 
The influence of a different longitudinal reinforcement 
type (ordinary deformed steel bar and structural steel 
shape) on the deformation ability of concrete walls 
subjected to high axial loads and inelastic lateral 
displacements. 



Code provisions for wall design 

The walls tested were designed according to Chinese Code 
JGJ 3-91. 15 The design formulas are listed as follows: 

Axial load strength of wall 

N = A;/ y ' - A,<j s - N sw + N C (l) 

Flexural strength of wall 
• . A* r = -N^ - i w0 ] + A'j; {l w0 - a' s ) -M sw + M c (2) 

Shear strength of wall 

In this study, a rectangular wall section was employed; 
therefore, the following formulas were used 
N c =f cm b w x; 

M c = /oA^o -*&>■.«"» 
A w = A g 

Because x < QAvO> u%ie following formulas were also used 
o, = f; 

H S w = (Co -1-5*) iyW^iand 

The specimen is designed such that the ratio between 
theoretical flexural strength V/(= MJt\,) and the theoretical 



Table 1 — Reinforced concrete shear walls tested at Tsinghua University 
from 1986 to 1995 







Cube 


Steel ratio 


Axial- 


Shear 






Specimen 


Shear-span 


strength 


Ps 


Pm 


PiA 


load ratio 

a* 


compression 
ratio X v 




SWI 


2.00 


36.8 


0.0069 


0.0046 


0.0061 


0.12 


0.08 


1.41 


4 


SW-R-1 


2.04 


40.4 


0.0209 


0.0067 


0.0134 


0.12 


0.16 


1.08 


3 


SW2 


2.00 


36.8 


0.0113 


0.0046 


0.0061 


0.12 


0.10 


1.16 


1 ■ 


SW4 


2.00 


64.2 


0.0069 


0.0046 


0.0061 


0.11 


0.07 


1.56 


3 


SW5 


2.00 


67.9 


0.0114 


0.0046 


0.0061 


0.11 


0.07 


1.44 


3 


SW6 


2.00 


64.3 


0.0069 


0.0046 


0.0061 


0.11 


0.08 


1.52 


3 


SRCWS 


1.56 


60.0 


0.0167 


0.0105 


0.0O28 


0.10 




0.51 


2 


SRCW6 


1.58 


48.0 


0.0167 


0.0105 


0.0028 


0.12 


0.12 


0.46 


2 


SRCW7 


2.16 


49.4 


0.0167 


0.0105 


0.0028 


0.12 


0.10 


0.48 


2 


SRCW8 


1.58 


49.0 


0.0167 


0.0105 


0.0028 


0.12 




0.62 


2 


SRCW10 


2.04 


35.8 


0.0167 


0.0067 


0.OO67 


0.13 


0.14 


0.E2 


3 


SRCW11 


2.04 


40.4 


0.0167 


0.0067 


0.0134 


0.12 




1.08 


3 



out-of-plane buckling after 
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shear strength V/ is approximately 1 .3. Therefore, for all the 
specimens, flexure controls the strength of wall and brittle 
shear Mure mode is prevented. 

The longitudinal and web vertical reinforcement of the walls 
is selected in a way such that the ratio of the theoretical flexural 
strength V/ to f^A g equals the prespecified value of shear 
compression ratio \ v for a particular specimen. The minimum 
code requirement for longitudinal reinforcement is satisfied. 

The code specification for vertical and horizontal 
reinforcement minimum requirement is 0.0025 for the 
prototype structure. 15 The horizontal reinforcement ratio 
was calculated based on the shear strength formula given 

SW7 (SW8) 




06@5O hoop v x " " 

SW7 

06@5Ohoop 08@15O 08@1OO 



SW8 
SECTION A-A 

(a) 



previously. Because the specimens were tested under high 
axial load, boundary element transverse reinforcement was 
selected in a way such that adequate confinement to core 
concrete would be provided, and longitudinal reinforcement 
buckling in the postyielding stage would also be prevented. 

Wai! details 

The size and material properties of the specimens were de- 
termined based on the laboratory loading capacity and prac- 
tical engineering requirements. Ail four specimens had the 
same configuration, which was 700 mm wide x 1750 mm 
high x 100 mm thick. A steel channel was placed at the top 

SW9(SRCW12) 




08@15O 4 020 

!6@75hoop ^^^ s \08@75+ 06@ 
06@75.hoop 08@15O ^jgu 

^-^ J38@75+06@15O 

[100] 500__ 




SRCW12 

SECTION B-B 

(b) 



(c) 

Fig. 1 —Geometry and reinforcement details of wall specimens: (a) SW7, SW8; (b) SW9, SRCW12; and (c) detailing of steel channel. 
AC! Structural Journal/September-October 2000 741 



reinforcement of wall. The vertical distance between the hori- 
zontal load application point and the top surface of the lower 
beam is 1500 mm. It should be noted that the upper concrete 
block above the horizontal load level is used for axial load trans- 
fer only. Therefore, the effective wall height is 1500 mm, and 
the aspect ratio is 2.14 for all wall specimens. 

Nominal dimensions of wall specimens together with the 
arrangement of vertical and horizontal reinforcement are 
shown in Fig. 1. The main flexural reinforcement at each 
wall end of SW7, SW8, SW9, and SRCW12 consisted of 
4 tbl4 mm, 4 <|>12 mm, 4 $20 mm, and 1 structural steel chan- 
nel + 2 <b 12 mm deformed steel bars, respectively. The steel 
channel had a cross-sectional height of 65 mm and a cross- 
sectional area of 751 mm 2 (1.164 in 2 ). Smooth steel bars 
were used for web reinforcement (both vertical and horizon- 
tal distributed reinforcement) and boundary element hoops. 
The material properties of the reinforcement and concrete on 
the day of test are given in Table 2. Table 3 lists the data of 
wall specimens tested in this program; 

Loading history and testing procedures 

All specimens were subjected to comparable loading histo- 
ries, as shown in Fig. 2. The target axial load was first applied 
to the full amount in small increments, then the specimen was 
subjected to horizontal load reversals. Based on the experience 
on past reinforced concrete shear wail experiments, a two- 
phase cyclic loading scheme was used in the experiment. Con- 
sidering the difficulty of applying load in the presence of high 
axial load on slender wall specimens, the first phase was divid- 
ed into 10 completely reversed load cycles until the specimen 
reached yielding in the flexural reinforcement After that, the 
deflection at the top of the wall (1.5 m from wall base) was 
used to control loading. The displacement increment at each 
subsequent cycle was chosen as half of the displacement of 
wall specimens recorded at yielding. 

The test setup is shown in Fig. 3. Specimens and reaction 
frames were post-tensioned to the laboratory floor prior to 
testing. Two 600 kN hydraulic actuators were utilized to apply 



Table 2 — Material properties of specimens 



Specimen 


/« 


Ic 


h 


V 


/yv 




fyH 




SW7 


36.8 


29.7 


405 


0.00194 


305 


0.00154 


305 


0.00154 


SWS 


40.2 


32.0 


432 


0.00201 


305 


0.00154 


305 


0.00154 


SW9 


43.1 


35.4 


375 


0.00182 


305 


0.00154 


305 W) 
366 («j>6) 


0.00154 (<(i8) 
0.00171 (<|>6) 


SRCWI2 


34.7 


2S.I 


390 <S.C.) 
432 ($12) 


0.00190 (S.C.) 
0.00201 ($[2) 


305 


0.00154 


305 <<t>8) 
366 ($6) 


0.00154 (<(>8) 
0.00171 (((.6) 



Note: S.C. = structural steel channel. 



Table 3 — Experimental parameters of specimens 





Steel Ratio 




load 
ratio \ N 


Shear- 
compression 




Predicted strength," 
kN 


Measured 


Specimen 


P, 


Psv 


Prf 


Shear-sfjan 


Y 


Flexural Vf 


Shear 

V S 


strength 1, 
f„ m kN 


SW7 


0.0088 


0.0067 


0.0101 


1.80 


0.24 


0.106 


6.00 


201.2 

(S92.2) 


319-6 
(289.7) 


201.2 


SWS 


0.0065 


0.0067 


0.0101 


1.80 


0.35 


0.109 


6.43 


210.7 
(197.4) 


354.8 
(312.6) 


224.0 


SW9 


0.0180 


0.0067 


0.0101 


1.80 


0.24 


0.134 


8.29 


304.9 
(294.5) 


496.3 
(457.8) 


303.5 


SRCW12 


0.0153 


0.0067 


0.0101 


1.84 


0.35 


0.151 


8.15 


259.3 
(247.9) 


475.1 
(442.3) 


266.0 



•For predicted strengths, number in brackets represents ACI 318-95 14 result, while other number is computed by using Chinese 
code JOJ 3-91. IJ 

f Measured strength means load-carrying capacity of waits measured from experirneniaJ results. 
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the cyclic horizontal loading. Constant vertical loading was 
applied by two other 600 kN hydraulic actuators that were at- 
tached to the steel girder through a sliding cart. 

The instrumentation was arranged as shown in Fig. 4. Dis- 
placement transducers were installed along the height of the 
wall to monitor the lateral displacement (DTI to DT4), cur- 
vature (DT8 to DT20), base uplift (DT6, DT7), and base slip 
(DT5) of the wall. The measured values of load, displace- 
ment, and strain were recorded by a data acquisition device 
wkh-a-speed of 1Q channels/s for SRCW12, and another new 
data acquisition device with a speed of 600 channels/s was 
usedforSW7toSW9. 




EXPERIMENTAL RESULTS 
Cracking process and failure mode 

Because wall behavior was controlled by flexure, the crack- 
ing process was similar for all specimens before yielding. 

Cracks were first observed at approximately Q.5V u m for 
each specimen; flexurai cracks initially appeared at the base 
of the walls on tensile zone. When the horizontal load ap- 
proached 75% of the wail load capacity V u m , cracks at the 
base of the wall gradually expanded and propagated to- 
ward the center of the wall. Additionally, more horizontal 
and inclined cracks formed along the height of wall; inclined 
cracks initiated in the tensile zone of the wall during consec- 
utive load reversals, whereas horizontal cracks propagated 
into the web. Eventually, these cracks formed a diagonal 
cracking pattern in the web. When the load was applied in 
- the opposite direction, these cracks were able to close-before 
the main flexurai reinforcement yielded. The length of .hori- 
zontal cracks originating from the wall edge decreased as 
distance from the wall base increased, whereas the inclina- 
tion angle of inclined cracks increased. After the main flex- 
urai reinforcement yielded, one or two significant inclined 
flexure-shear cracks were observed over the lower portion of 
the wall. Such cracks expanded much more extensively than 
other cracks. A flexurai plastic hinge region formed at the 
lower portion of the wall; the height of the plastic hinge zone 
was approximately 0.6 of the wall length. As loading contin- 
ued, vertical cracks appeared at the edge of the compression 
zone of the wall bottom portion. The concrete cover at the toe 
in compression spalled off, while a dense number of vertical 
cracks developed inward and upward in the plastic hinge zone. 

Details for each wall cracking process are described in Table 
4. The effect of axial-load ratio and shear compression ratio on 
the cracking pattern and failure mode of the specimens can be 
seen in Fig. 5. A view of specimens after failure is given in Fig. 
6 to 9. It was observed that high axial-load ratio restrained the 
development of major inclined cracks in the web. This is 
because increased axial load will reduce the principal tensile 
stress in the web portion of the wall. 

As indicated in Table 5, increased axial-load ratio values 
postpone the first occurrence of cracks in the wall specimens 
until a larger ratio of first-cracking load to wall-load capacity. 



TEST SETUP 
(b) 

Fig. 3 — Test setup: (a) general view; and (b) elevation v, 




INSTRUMENTATION 

Fig. 4 — Instrumentation arrangement. 
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(1) SW7 



.(2) SW8- 



(1)SW7 



(2) SW8 




(3) SW9 (4) SRCW12 

{a) 

Fig. 5 — Crack patterns of walls: (a) before yielding; and (b) 



Table 4 — Cracking process description of specimens 





Cracking process description 


SW7 


When lateral load reached 190 kN. main flexural reinforcement 
had yielded; significant cracks were observed in bottom region 
of height 0.25 m. When wall load capacity was reached for first 
time, vertical cracks appeared near edge of compression zone. 
Width of major inclined cracks was measured at IJ mm. In 
third displacement-control cycle, concrete in compression zone 
crashed and width of major horizontal cracks measured 1 .5 mm. 
As loading cycles continued, a great amount of compression 
zone concrete cover spalled off, and core concrete in compres- 
sive boundary element deteriorated significandy. Specimen 
showed a boundary element failure mode. 


SWS 


When lateral load approached 200 kN, specimen had yielded 
and vertical cracks appeared on compression zone of wall. It 
was observed that inclined cracks were less extensive in SWS 
than those in SW7, and cracking in postyielding stage was 
focused on vertical cracks. Specimen finally failed due to out- 
of-plane bucking after yielding. As shown in Fig. 7, arc-like 
pattern across wall was caused by out-of-plane bending when 
wall buckled. 


SW9 


Because of large shear force applied on this specimen, inclined 
cracks developed much more significantly in SW9 than other 
specimens. Major inclined cracks in web closed and opened 
alternately due to cyclic loading, and thus caused concrete in 
web crush and spall off due to compression. 


SRCW12 


When lateral load reached 200 kN, maximum width of inclined 
cracks was 0.1 mm. When wall load capacity was reached, con- 
crete at edge of compression zone indicated crushing. Unfomi- 


stuck in second negative-direction loading cycle; specimen was 
therefore overloaded and failed. 
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•t'i~H hf- 




(3)SW9 (4)SRCW12 

(b) 



Table 5 — Experimental results of specimens 





SW7 


SWS 


SW9 


SRCWI2* 


First-cracking load Y cn kN 


95.6 
(59.6) 1 " ' 


11 8.8 
(81.2) 


148.6 
(69.9) 


147.0 
(77.1) 


VJV U 


0.48 


0.53 


0.49 


0.55 


First-cracking displacement 
5 r „mm 


1.92 


2.20 


2.85 


3.10 




032 


039 


034 


0.43 


Yielding load V y kN 


1723 
(171.6) 


190.4 
(189.5) 


255.5 
(257.2) 


227.4 
(227.0) 


Yielding displacement 5,, mm 


5.9! 


5.57 


S.38 


7.24 


Load capacity V u ,kN 


201.2 
(201.2) 


224.0 
(210.7) 


303 -5 
(304.9) 


266.0 
(259.3) 


Ultimate load ( = 0.85 V„), kN 


171.0 


190.4 


257.9 


NA 


Ultimate displacement 5„; r 


31.27 


23.96 


31.50 


NA 


Ductility S u/( /5j. 


5.3 


4.3 


3.8 


NA 


Failure mode 


Boundary 
element 
crushing 


Out-of- 
plane 
buckling 


Boundary 
element 
crushing 


Out-of- 
buckling 



Note: All displacement values refer to observed values of top horiiontaj displacement 
transducer located at Uu from wall base. 

'Value in parentheses refers to predicted value from theoretical analysis, 
*Due to unexpected failure of top displacemeot transducer used far displacement con- 
trol of loading, experiment result was incomplete for Wall SRCW12. 
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Shear compression ratio also had an effect on the pos- 
tyielding cracking pattern of the specimens. SW7 and SW9 
have the same axial-load ratio, but different shear compres- 
sion ratios. An extensive criss-crossing cracking pattern was 
observed in the web of SW9. 

It is noteworthy that the theoretical first-cracking load is 
approximately 03V u m , which is much smaller than the ob- 
served value 0.5 V u m . The discrepancy may be partly ex- 




Fig. 6— View of Specimen SW7 after failure. 




Fig. 7— View of Specimen SW8 after failure. 
ACI Structural Journal/September-October 2000 



plained by the way that the theoretical first-cracking load is 
computed. In the experiment, cracks would not be observed 
if the width of the cracks is too small, but the theoretical first- 
cracking load is computed as the load when the extreme fiber 
concrete reaches its tensile strength. Therefore, the observed 
value of the first-cracking load is usually much greater than 
the theoretical value computed in this way. 

Strength, deformation, and stiffness characteristics 

Table 5 lists the values of displacement and iateral load 
corresponding to various loading stages. It is seen that the 
predicted flexural strengths of the Specimens SW7 and 




Fig. 8— View of Specimen SW9 after failure. 




Fig. 9— View of Specimen SRCW12 after failure. 
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SW9, which were subjected to a relatively lower axial-load 
ratio, were almost the same as the observed load-carrying ca- 
pacities of these specimens. For the specimens with relative- 
ly higher axial-load ratio, the measured strengths of SW8 
and SRCW12 were larger than their predicted strengths by 6 
and 3%, respectively; this might be attributed to the en- 
hanced concrete strength due to confinement from surround- 
ing concrete in high axial-load ratio. In Table 3, the results 
of the ACI 318-95 strength formulas are also given in brack- 
et. The ACI results seem to be slightly conservative. 

A moment-curvature analysis has been conducted for the 
cross section of SW7 and SW8. Figure 10 and 1 1 plot the mo- 
ment-curvature relationship for Specimens SW7 and SW8, re- 
spectively. The following assumptions have been made in the 
•M-cp analysis: 

The plane section .before bending remains plane after 
'''bending;. . • ' • 



2. The stress-strain curves for concrete and reinforcement 
are as shown in Fig. 12. The equations for Regions AB and 
BC are given as follows 



'■"■mm 




3. After the extreme fiber concrete reaches its tensile 
strength f p contribution from tensile zone concrete is ignored. 

For Specimen SW7 with an axial-load ratio equal to -0.25, 
the envelope for the experimental M-cp curve is lower than. the. 
analytical curve. However, the experimental: and analytical 
M-cp curves are in close agreement with each other for Spec- 
imen SW8, which has a relatively higher axial-load ratio 
than SW7. This observation might provide support to the 
previously mentioned statement that a high axial-load ratio 
would enhance the concrete compressive strength due to 
confinement from surrounding concrete in compression. 

The envelopes for lateral load versus horizontal displace- 
ment curves are shown in Fig. 13 and 14 for top (1.5 m from 
wall base) and middle (0.73 m from wall base) displacement, 
respectively. The envelope for the middle displacement of 




Fig. 10 — SW7: moment versus curvature. 



Fig. 12— Material stress-strain relationship. 

DRIFT HATIO 




Fig. 11—SW8: moment versus curvature. 



) HORIZONTAL DISPLACEMENT (mm) 
Fig. 13 — Lateral load-versus-top horizontal placement 
envelope (1.5 mfrom base). 
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SRCW12 is much stiff er than that for the top displacement 
in comparison with the other specimen curves. This is be- 
cause SRCW12 exhibited a flexural deformation shape over 
the height. The dowel action of structural steel channel was 
likely to restrain the development of shear deformation in 
SRCW12. The points corresponding to the initiation of first 
visible cracking and yielding are also marked in Fig. 13 and 
14. The yield point is determined based on the equal energy 
area method, as shown in Fig. 15. In Table 5, the predicted 
yielding load corresponding to the first yielding of main flex- 
ural reinforcement is given in brackets. It is observed that the 
predicted yielding load is almost the same as the yielding 
load determined from the equal energy area method. 

The variation of normalized secant stiffness (ratio of secant 
stiffness inCyclei arid inCycle l) withtdp horizoriialaisplace- 
mentisWsraediriFig K Figure 17 illustrates die vari Son ' 
of secant stiffn is villi ctiiity It is observed that SWSTiad a 
higher stiffness than SW7 throughout the loading cycles, while 
SWS had slightly severe stiffness degradation than SW7 after 




MIDDLE (0.73 m from base) HORIZONTAL DISPLACEMENT (mm) 



Fig. 14 — Lateral load-versus-middte horizontal displace- 
ment envelope (0.73 m from base.) 



Energy areas: 
A 1 = A 2 




the ductility value reached 1.7. It can be concluded that axial 
load has a detrimental effect on stiffness variation in the 
posty ielding stage of shear wall deformation. When a compar- 
ison is made between SW7 and SW9, which have the same ax- 
ial-load ratio but different shear compression ratios, it is 
noticed that SW9 had less severe stiffness degradation than 
SW7 although SW9 had a higher shear compression ratio. 

Although all the specimens failed after flexural reinforce- 
ment yielded, each specimen had its own postyielding defor- 
mation characteristics due to a different combination of 
axial-load ratio and shear compression ratio. SW7 had a rel- 
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Fig. 16— Normalized secant stiffness-versus-top horizontal 
displacement. 
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Fig, 15 — Yield point determination method. 
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DUCTILITY 

Fig. 17— Secant stiffness versus ductility. 



atively high ductility value (5.3) because it failed in bound- 
ary element crushing. SW8 had a lower ductility value (4.3) 
than SW7 because it lost its load-carrying capacity due to 
out-of-plane buckling in the postyielding stage. SW9 had a 
comparable deformation capacity to SW7 although it had a 
higher shear compression ratio than SW7. SW9 exhibited 
some degree of web-crushing in the postyielding stage, but 
still failed in boundary element crushing. The small ductility 
value of S W9 is due to its large yield displacement value that 
is caused by the high steel ratio in SW9. 



Figure 18 illustrates the relationship between normalized en- 
ergy dissipated and ductility. The normalized energy dissipated 
is defined as the energy dissipated in half hysteresis hoop 
corresponding to positive load direction divided by 0.51^,5^, 
where V y and 5 y are the yielding load and yield displacement, 
respectively. Comparing the curves for SW7 and SW8 found 
that the high axial load had a detrimental effect on the energy 
dissipation behavior of the walls. 

Figure 19 through 22 show the hysterisis loops for each 
wall s] 



12 « 




Fig. 



DUCTILITY 

18 — Normalized energy dissipation with ductility. 




Fig. 20 — SW8: Lateral-versus-top horizontal displacement 
(1.5 mfrom base). 




















SW9 








250 














200 














150 
















• 100 
50 






























0 

-50 


















-150 
















-200 














-250 


















-300 
-350 



















TOP HORIZONTAL DISPLACEMENT (mm) 



Fig. 19—SW7: lateral load-versus-top horizontal displace- 
ment (1.5 m from base). 



Fig. 21 — SW9: Lateral load-versus-top horizontal displace- 
ment (1.5 mfrom base.) 
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TOP HORIZONTAL DISPLACEMENT (mm) 

pig. 22— SRCW12: Lateral load-versus-top horizontal dis- 
placement (1.5 m. from base). 

CONCLUSIONS 

Overall, the predicted strengths from code formulas 14 '' 5 
were in close agreement with the measured load-carrying ca- 
pacities of the walls. For the walls subjected to an axial-load 
ratio equal to 0.25, the measured strength values were the 
same as the predicted strength from Chinese code. 15 For the 
walls subjected to a higher axial-load ratio of 0.35, the mea- 
sured strengths were greater than the predicted flexural 
strength values by approximately 6%. ACI formulas seem 
slightly conservative based on the experiment results. 

Axial-load ratio had an important effect on the failure 
mode, stiffness, and ductility of the walls. In this experiment, 
the wall specimen subjected to a high axial-load ratio of 0.35 
exhibited an undesirable out-of-plane buckling failure mode 
in the postyielding stage, and thus, low ductility. The wall 
specimen with an axial-load ratio of 0.25 and shear compres- 
sion ratio of 0.11 exhibited a more favorable boundary ele- 
ment crushing failure mode and a relatively high ductility. 
More experiments need to be done to conclude the maximum 
allowable axial-load ratio for shear wall design. 

Shear compression ratio also affected the postyielding de- 
formation behavior of shear walls. Wall SW9 with a shear 
compression ratio of 0.134 exhibited more extensive web 
criss-crossing cracks than SW7. The deformation capacity 
for SW9 (31 mm), however, was almost the same as that for 
SW7 (32 mm). 
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NOTATIONS 

bj v gross area of wall section, mm 2 
longitudinal reinforcement area, mm* 
area of longitudinal compression, ram- 
area of horizontal web reinforcement within spacing S, rr 
web area of wall section, mm 
wail thickness, ram 



% 
I 



concrete modulus of elasticity, MPa 
steel modulus of elasticity, MPa 

concrete compressive strength, based on 2S-day test of 150 x 
1 50 x 450 mm prisms, MPa 

concrete cylinder compressive strength..^' = 162.4/ r , psi 
concrete flexural compressive strength,/^ = l,l/ c , MPa 
concrete cube strength, based on 28-day test of 150 x 150 x 150 
mm cubes, MPa 
concrete tensile strength, MPa 
yield stress of main flexural reinforcement, MPa 
yield stress of main flexural reinforceme 
zone, MPa 

yield stress of horizontal web reinforcement, MPa 
yield stress of vertical web reinforcement, MPa 



. distance from extreme compression fiber to ceaeoid of longitu- 
dinal tension reinforcement, mm 
moment acting on wall section, kN-M 
axial load; compression positive, kN ' ■" * ' 

nominal axial load strength of wall 
shear load acting on wall, kN 
predicted flexural strength of wall, kN 
:d shear strength of wall, kN 
id load capacity of wall, kN 
:n shear acting on wall section, kN 
V w — design shear load acting on lower sections of wall, kN 
x = depth of the equivalent rectangular stress block, mm 
Ey, = yield strain of horizontal web reinforcement 
Ej, = yield strain of main flexural reinforcement 
Ey, = yield strain of vertical web reinforcement 
$ = strength reduction factor 
4 = diameter symbol 
T = Vrif c A s 

f KE = load capacity seismic adjustment factor, 0.85 for shear wall 

X = MIVlvQ, shear span ratio, Xe [ 1 .5, 2.2] 

Xfl = N/fcAg, axial-load ratio 

V = v maJf<Ay shear compression ratio 

p f = ratio of main flexural reinforcement to gross area of wall section 

p jA = ratio of horizontal web reinforcement 

p w = ratio of vertical web reinforcement 

Cft = x iJKiG> relative critical depth of compression area 

CONVERSION FACTORS 

I mm = 0.0394 in. 
IMPa = 145 psi 
IkN = 0.225 kips 
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